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I EXECUTIVE SUMMARY
In this work we derive and experimentally verify the radio-frequency performance of a down-converter employing a sampled analog optical link. We show that the down-converter operation is well-described by conventional analog optical link theory, with additional impact from the sampling optical pulse shape. We also demonstrate that the required photodiode performance is determined only by the sampling ratenot the highest frequency of interest. We verify our analysis with an experimental demonstration of downconversion of radio-frequency signals in the 1-10 GHz range using a 1-GHz sampled analog optical link.
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II INTRODUCTION
Over the past 30 years, there has been significant interest in accomplishing analog-to-digital conversion (ADC) via photonic, or photonically-enabled architectures [1] . Many of the arguments for using photonics for ADC applications are the same as for using photonics for analog radio-frequency (RF) signal transmission (microwave photonics) [2] . Optics possess bandwidth far beyond electronics, offers a measure of immunity from electromagnetic interference, and enables exceedingly low loss transmission over very large distances. These properties make photonic architectures appealing for a variety of analog and digital applications.
While there have been a variety of photonic ADCs demonstrated (see [1] ), of particular interest are the class of photonically-enabled ADCs which utilize short optical pulses to sample an electronic signal [3, 4] via an electrooptic modulator [5, 6, 7, 8, 9, 10] . Because the optical power transmission of an electro-optic modulator (typically an integrated lithium-niobate Mach-Zehnder modulator, or MZM) is proportional to the applied radio-frequency (RF) voltage, the pulse energy out of the modulator represents the sampled voltage at a particular instant in time. The output pulses are then detected with a photodetector, the output of which is filtered, potentially further processed, and electronically quantized with a high-quality electronic ADC. While all of these architectures [5, 6, 7, 8, 9] employ an externally-modulated analog optical link, only recently has the RF performance of a sampled analog optical link (the first operation in a photonically sampled ADC) been described [11] using conventional analog link theory [12, 13] .
Here, we describe the use of a sampled analog link to achieve down-conversion (spectral-folding, or aliasing) of RF signals for wideband electronic warfare applications. We note, this concept has been utilized in optically sampled ADCs [14, 10] as well as time-interleaved hybrid ADCs [7, 8] . Here, however, we provide the first analog description of the down-conversion operation to the our knowledge. Note, the scope of this report is limited to the RF performance of the down-converting sampled link -we do not discuss quantization of the sampled signal. For a thorough discussion of quantization in photonically-sampled systems, the reader should consult [1] and references therein. The remainder of this report is structured as follows: In Section III we provide a brief theoretical description of the sampled link and mathematically describe the down-conversion operation. We additionally derive the RF gain of the sampled link operating in a down-converting mode, provide the relevant RF performance metrics, and discuss the impact of the optical pulsewidth on the wideband performance of the system. Section IV details a proof-of-concept experiment employing a 1-GHz sampled link. Here we experimentally measure the RF gain and linearity across several Nyquist bands to validate the theoretical derivation in Section III. This section also demonstrates the effects of the finite optical pulsewidth and photodiode performance on the down-conversion operation. In Section V we summarize the work and point to several directions for future research. (in reference to Fig. 1 , these are measured at point C) may generally be written as [11] 
III THEORY OF DOWNCONVERSION VIA A SAMPLED OPTICAL LINK
Here, p opt (t) is the intensity (power) envelope of the optical carrier as measured at the input of the MZM (point A in Fig. 1 ), v in (t) is the input RF voltage, h mzm (t) is the impulse response of the Mach-Zehnder modulator, and h pd (t) is the impulse response of the photodiode. The impulse response of the MZM is related to the more commonly used frequency-dependent halfwave voltage by the relation
The photodiode impulse response is normalized such that
where α(ω = 0) (A/W) is the DC responsivity of the photodiode. Although only one output is shown in Fig. 1 , the subscripts (1, 2) designate the two separate RF outputs from the link, each derived from one arm of the MZM. Note, the complementary nature of the modulation between the outputs allows the use of balanced detection for noise rejection and increased link gain. When small-signal conditions apply
we may approximate the sine by its argument which yields a linear relation between the input voltage and output photocurrents
The complex photocurrent spectra of the link output are given by the Fourier transform of (5)
Here, P opt (ω) is the Fourier transform of the temporal optical intensity profile and H pd (ω) is the electrical frequency response of the photodiode. The first term in (6) represents the spectral contribution arising solely from photodetection of the optical carrier. The spectrum of the temporal intensity P opt (ω) includes intensity noise quantities arising from the optical source (e.g. laser intensity noise, amplified spontaneous emission from an optical amplifier). Note, this contribution to the RF spectrum is common-mode to both outputs and, therefore, may be suppressed via balanced detection. The second term gives the photocurrent spectrum resulting from the applied RF modulation V in (ω). Thus far, we have not specified the temporal shape of either the intensity of the optical carrier or the input RF voltage; therefore (5) and (6) are general expressions for the output time-domain photocurrent and complex RF power spectra, respectively, for a dual-output MZM-based intensity-modulated direct-detection (IMDD) link.
In the sampled link architecture, the optical carrier is periodically pulsed -the temporal intensity profile of the optical source (point A in Fig. 1 ) is, therefore, composed of a train of optical pulses with a pulseperiod of T seconds (repetition-rate f rep = 1/T ). Within a single period the intensity envelope (pulse shape) is given by the functionp opt (t) and the pulse train is expressed as
where δ is the Dirac delta-function. The periodic temporal nature of the optical carrier gives rise to a comb spectrum
whereP opt (ω) is the Fourier transform of the intensity envelope of a single pulse [p opt (t)] in the optical pulse train and P n =P opt ω = n2πf rep is the amplitude of the n-th order comb line. Inserting (8) into (6) the complex RF spectra may be written as
where
From (9) we see the scaled input spectrum is replicated at integer multiples of the sampling rate f rep as is expected for a sampled system. When the photodiode output is passed through a low-pass filter with passband H lp (ω) (cutoff frequency ω lp = 2πf rep /2) it is readily seen that, for each index n, frequencies within the range of 2ω lp = 2πf rep about the n-th comb-line
will be folded (aliased) into the first Nyquist band (m = 1, |ω| < 2πf rep /2). Note, the Nyquist bands are defined as frequency bins bounded by integer multiples of one-half the sample rate (e.g., the m = 1 band corresponds to 0 ≤ |f | < f rep /2, the m = 2 band corresponds to f rep /2 ≤ |f | < f rep , etc). For a load resistance of R o the RF power measured in the first Nyquist band is then expressed as [P rf
Inserting (10) into (12), normalizing the n-th comb line amplitude to total the average optical power (P avg ) and using the fact that the photodiode response is normalized to the DC responsivity, the output RF power may be written as
where I avg = α(ω = 0) P avg /2 is the average photocurrent from a single diode. When the input signal is known to fall within a particular Nyquist band (e.g., when a tunable pre-select filter is utilized) the summation in (13) only contains a single spectrum and the output power may be written as
Given the input power to the link at frequency ω is P in = 1/2 |V in (ω)| 2 /R i (where R i is the input resistance of the modulator) the RF gain of the sampled link is given by (w/o considering photodiode impedance matching)
Here, we see the gain of the sampled link in the higher Nyquist bands is equal to that in the first band [11] , weighted by the square of the normalized power of the n-th optical comb line. Several other important aspects of the system are also apparent from (15) . In particular, we see the gain uniformity (with respect to band order) improves with shorter sampling pulses [ P n /P avg ∼ constant for larger n as the bandwidth increases]. Similar pulsewidth dependence has been documented in optically-sampled ADCs [14] . Because the down conversion operation occurs in the optical domain, we also see that a low-frequency photodiode (bandwidth ∼ f rep /2) may be utilized, regardless of the highest frequency signal to be sampled (only the response in the first Nyquist band is relevant). It has been shown that the nonlinearity of the sampled link architecture is equivalent to that of a conventional analog optical link, in the absence of significant photodiode nonlinearity [11] . For brevity, we simply state that the the link linearity is limited by the third-order distortion introduced by the MZM and the two-tone output third-order intercept point for a single sampled link (w/o impedance-matched photodiodes) is given by
Here, the quantity in parenthesis is the input third-order intercept point and G is the RF gain of the link. While the noise floor (and, hence, noise figure and spurious-free dynamic range) may also be theoretically calculated for a link which does not utilize optical amplifiers, the use of an EDFA in this work precludes such analytic solutions. Therefore, we will treat the noise floor as a measured quantity and use the general expressions for noise factor
and third-order-limited spur-free dynamic range
Above, N out is the measured noise power spectral density (PSD) at the link output, k is Boltzmann's constant, and T = 290 K. We will now discuss one implementation of the down-converting sampled link and provide experimental data supporting the preceding analysis.
IV EXPERIMENT Sampled Link Architecture and Down-Conversion
To demonstrate down-conversion via a sampled photonic link, we constructed the link shown schematically in Figure 2 . The pulsed optical source is composed of a ∼ 80 mW 1550 nm distributed feedback laser RF Down-Conversion via Sampled Links 5 (DFB, EM4, Inc.) the output of which is modulated via a low-biased Mach-Zehnder modulator (MZM, JDS Uniphase). The MZM is driven with the output of a 1-GHz step recovery diode (SRD) which produces ∼ 54 ps (fullwidth-at-half-maximum, FWHM) voltage pulses with a peak amplitude of ∼5.15 V -the normalized drive waveform is shown by the red curve in Figure 3 . The resulting optical pulse train [the shape of a single pulse calculated from the SRD output waveform and optical transmission function of the low-biased MZM is shown by the black curve in Fig. 3 ] is amplified with a commercial erbium-doped fiber amplifier (EDFA, JDS Uniphase OA 400) and appropriately polarized with a fiber polarizartion controller. The RF input signal is impressed onto the pulsed optical carrier by a quadrature-biased dual-output MZM (EOSpace, Inc., V π ∼ 5 V at 1 GHz). The RF signal is recovered from each arm by direct-detection of the modulated optical intensity using ∼ 20 GHz bandwidth photodiodes (Discovery Semiconductor DSC 30S). The photodiode outputs are low-pass filtered (f cutoff ≈ 470 MHz) and differenced using a 180 • hybrid coupler. The output of the hybrid coupler is filtered once more (f cutoff ≈ 470 MHz) to obtain the final RF output of the system. Step-recovery diode, MZM: Mach-Zehnder modulator, LPF: low-pass filter
From the link output power as given in (13) we see that the continuous frequency line is folded into the first Nyquist band. To illustrate this folding operation, single tones at frequencies of f o = 300, 700, 1300, 1700 MHz are injected into the sampled link (the input RF power is nominally P in = 0 dBm). Given the 1 GHz sample rate, all tones are aliased to a frequency of f = 300 MHz. Figure 4 illustrates this folding operation for the first four Nyquist bands; the input spectra are shown in black and the spectra of the downconverted signals are shown in red (peak signal amplitude is approximately −16 dBm, the gain of the link is discussed further below). Clearly, the input signals all appear at the alias frequency of 300 MHz. We note, the direction of increasing frequency within the first Nyquist band (after aliasing) depends on whether the input signal originates in an even or odd Nyquist band. As shown by the arrows in Fig. 4 frequency increases from left-to-right for signals falling within an odd Nyquist band. For signals lying in even bands, increasing frequency moves from right-to-left. This behavior provides one step in the eventual disambiguation process and may be exploited by dithering the sampling frequency. The shift in aliased frequency as the sampling rate is changed will allow one to discern whether the signal of interest originates in an even-or odd-Nyquist band. The double-peaked nature of several of the input spectra is simply due to coarse spectral sampling on the spectrum analyzer and frequency instability of the input source. The small feature near 100 MHz is largely due to second-harmonic distortion present in the input signal. The genesis of the other minor spectral features is under investigation.
Radio-Frequency Performance of the Down-Converting Link
For demonstration purposes, the link is configured to operate with an average photocurrent of I avg = 10 mA per photodiode. For this current level and a modulator halfwave voltage of V π = 5 V, the gain for a single-photodiode link employing a photodiode with an internal 50 Ω matching resistor is G = −16.72 dB [one-quarter of that predicted by (15) as determined by maximum power transfer to a matched load). For the balanced configuration the theoretical gain increases to G = −13.72 dB (accounting for twice the photocurrent and the ideal 3-dB insertion loss of the hybrid coupler). The measured link gain is shown in Figure 5 (a). For comparison purposes the RF gain of one arm of the balanced link (utilizing a continuouswave laser source) is measured and subsequently used to calculate the gain of an ideal balanced link (that is, where the hybrid coupler exhibits no excess loss and no phase errors). The calculated gain for the balanced link is shown by the black curve in Fig. 5 (a) . The measured single-photodiode gain for frequencies below 1 GHz is approximately G = −16 dB (which shows excellent agreement with theory) giving an ideal balanced link gain of G = −13 dB. The gain of the down-converting link is determined by tuning the input frequency over the range of 0.25-9.75 GHz in 0.25 GHz steps and measuring link output power at the down-converted frequency of 0.25 GHz (in the first Nyquist band) using a calibrated electronic spectrum analyzer. The measured down-converting link gain is shown by the red circles in Fig. 5 (a) (note, each circle corresponds to the mid-band gain of each Nyquist band ranging from n =1-20). In the first Nyquist band, the gain is measured to be G = −16.8 dB. Given the excess loss of the hybrid coupler and RF cabling is approximately 3 dB [which is not accounted for in the ideal link gain shown by the black curve in Fig. 5 (a) ], the measured gain shows excellent agreement with that predicted by theory.
The gain of the down-converting link clearly falls off much more rapidly than the frequency-response of the link components (MZM and photodiode, in particular) would dictate. As has been shown in the photonic ADC community, in photonically-sampled systems the bandwidth of the sampling pulse impacts the downconverting system gain [14] . This is readily seen by considering the gain expression given by (15) . The quantity P n /P avg 2 represents the magnitude-squared of the normalized spectrum of the pulse intensity, sampled at the frequency f = nf rep . To show the impact of finite pulse width, the residual gain variation of the down-converting link (after the measured gain is normalized to the gain of a conventional analog link operating at the same photocurrent) is plotted along with the calculated pulse spectrum [magnitude-squared of the Fourier transform of the optical intensity envelope (black curve) in Fig. 3 ]. Here, we see the rolloff in the pulse spectrum describes the measured gain variation quite well. The small (∼ 1 dB) deviation arises from the non-uniformity of the measured gain of the conventional link [black curve in Fig. 5 (a) ] which was used to normalized the sampled link gain.
It is important to note that the fundamental folding operation occurs in the optical domain. Therefore, Fig. 5 (a) ]. The black curve shows the pulse power spectrum [calculated Fourier transform of the optical intensity envelope (black curve) in Fig. 3 ].
in contrast to a conventional analog link, the photodiode bandwidth for the down-converting sampled link need only extend to one-half the sampling frequency -regardless of the highest frequency of interest. This implies that either low-bandwidth photodiodes may be used or that higher pulse energies may be utilized without compromising the link performance. To illustrate this point, the measured current pulse (red) is shown in Figure 6 (a) along with the calculated pulse intensity (black, repeated from Fig. 3) . If the photodiode is operating in a purely linear regime, the optical intensity and measured photocurrent should show a one-to-one correspondence (so long as the optical pulse duration significantly exceeds that of the photodiode impulse response). Comparison of the optical intensity to the measured photocurrent clearly shows the effects of transit-time broadening due to high pulse energy [15] . In the frequency-domain, temporal broadening translates to a decrease in bandwidth. In Figure 6 (b) the measured photocurrent spectrum (red) is normalized to the magnitude-squared of the pulse spectrum [black curve, Fourier transform of the black curve in Fig. 6 (a) ] . Clearly, the photodiode response bandwidth is significantly narrower than that of the optical pulse (∼ 15 dB power difference at 10 GHz). This decrease in bandwidth is, however, not manifested in the measured link gain [the rolloff is well described by the pulse optical bandwidth as shown in Fig. 5  (b) ]. In the first Nyquist band (f < 0.5 GHz) we see there is only a small amount of compression (< 1 dB) as shown in the inset of Fig. 5 (b) . This clearly demonstrates that the required photodiode bandwidth is determined by the high-frequency limit of the first Nyquist band, that is one-half of the sample rate. This means that photodiodes with bandwidths significantly lower than the highest frequency of interest may be utilized for the down-converter. In addition, higher average photocurrents (pulse energies) than allowed in a typical (i.e., non-down-converting) sampled link may be utilized so long as transit-time broadening does not decrease the photodiode bandwidth to less than one-half the sample rate.
The noise sources contributing to the noise power spectral density (PSD) of the sampled link are identical Here, the red curve shows the measured current pulse normalized to the calculated spectrum of the optical pulse (black). The inset shows mild compression (∼ 1 dB maximum) in the first Nyquist band.
to those in a conventional analog link, namely input and output thermal noise, shot noise, and additional noise arising from the presence of an optical amplifier (here, an EDFA). The total output noise PSD may then be written as
where the shot noise PSD is expressed in terms of the average photocurrent as
q is the magnitude of the electronic charge and ∆N sh represents the additional noise contributed by the presence of an EDFA. The factor of 1/4 appearing above accounts for an internal matching resistor in our photodiodes (maximum power transfer). In the present link, the shot noise PSD [calculated from (20)] is approximately N sh = −164 dBm/Hz -an order of magnitude larger than that due to thermal noise N th ≈ −174 dBm/Hz. Because the link gain is much less than unity [see Fig. 5 (a) ], the output noise PSD may then be approximated for calculation purposes as being due solely to shot noise and the additional noise arising from the EDFA, that is
It should be noted that this operational regime (an approximately shot noise-limited link) the effects of noise aliasing [16] do not affect the system noise figure as they do in electrically-subsampled systems.
The measured noise PSD for the link operating at an average per-diode photocurrent of I avg = 10 mA is shown in Figure 7 (a) . Here, the noise is shown for both a conventional link (CW laser, in blue) as well as the sampled link (red). For comparison, the shot noise level of N sh = −164 is shown by the dashed black line. We see there is a small noise penalty [10 log (1 + ∆) ∼1 dB] [12] arising from the amplified spontaneous emission noise added by the EDFA [17] . Note, the noise contribution of the EDFA is largely suppressed via balanced detection (on the order of 20 dB); the penalty here is likely due to a small amplitude imbalance in the two arms of the link.
Using the measured output noise PSD and the measured gain [ Fig. 5 (a) ] we calculate the link noise figure using (17) . The noise figures for the sampled link and the ideal balanced link are shown in Fig. 7 (b) by the red circles and black line, respectively. Here we see generally good agreement with theory; the deviation in measured noise figure below 1 GHz is again due to excess loss in the link (which is not modeled in the gain calculation of the ideal link). At higher frequencies, the increase in noise figure is due to gain rolloff arising from the finite duration of the optical sampling pulse (see Fig. 5 and associated discussion).
As noted previously, nonlinearity of the link is dominated by the third-order distortion of the MZM, so long as the photodiodes operate in a linear regime. Either a true two-tone test of the intermodulation distortion -or a single-tone measurement of harmonic distortion -may be performed to characterize the link linearity in this case. Here, we opt for a simple measurement of harmonic distortion from which we infer the two-tone output third-order intercept point [the harmonic intercept is a factor of 3-times higher (∼ 4.8 dB) than that for intermodulation distortion, see for example [18] ].
To show the nonlinearity of the link is well-described by conventional analog link theory even in the down-converting operational mode, we perform the harmonic distortion measurement in the first Nyquist band (at a fundamental frequency of 60 MHz) and then repeat the measurement in the second Nyquist band (fundamental frequency of 900 MHz). The measured fundamental and third-harmonic distortion powers are shown versus the input power to the link in Figure 8 . Here, data for the first band are shown in red and those for the second band are shown in blue. For both data sets the symbols show the measured data and the solid lines are linear fits to the log-scale data. In the balanced configuration (2-element photodiode array) [19] employing impedance-matched photodiodes and an average per-diode photocurrent of I avg = 10.0 mA, the calculated output third-order intercept point due to intermodulation distortion is approximately OIP 3 = 10 dBm. From the fit data, the measured output third-harmonic intercept points are OIP 3,H ∼ 11 dBm and OIP 3,H ∼ 11.5 dBm for the first and second Nyquist bands, respectively. These correspond to third-order intermodulation distortion levels described by output intercept points of OIP 3,H ∼ 6.2 and OIP 3 ∼ 6.7. Considering the excess loss due to the hybrid coupler and cabling is on the order of 3 dB and the photodiode is slightly compressed [see Fig. 6 (b) ], the measured values agree quite well with those predicted by theory.
To illustrate the link dynamic range, we calculate the input third-order intercept point (for intermodulation distortion) as expressed in (16) and use the measured gain and output noise PSD to calculate the spur-free dynamic range according to (18) . The SFDR for the sampled link (red circles) and for the ideal balanced link (black line) are shown in Figure 8 . We see that the gain of the sampled link compares well with that predicted by theory, with the deviation readily explaind by excess loss and the finite duration of the sampling pulse.
V SUMMARY AND FUTURE DIRECTIONS
In this work we present the first analog description of radio-frequency down-conversion via sampled photonic links. An experimental demonstration of down-conversion across the 1-10 GHz band using a 1-GHz sampled link was used to verify our analysis. This work illustrates that reduced optical pulsewidths are required to extend the down-converter bandwidth. Additionally, we show that only modest photodiode bandwidths are required to achieve down conversion across a wide range of radio frequencies, which substantially reduces the cost of the sampled link architecture. Looking to advance down-converter performance, future work will emphasize the use of modelocked lasers to achieve picosecond (or 100s of femtoseconds) pulsewidths and increased link bandwidth. The use of photodiode arrays will also be pursued to increase the link gain and dynamic range.
